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The rate of penetration of a liquid hydrocarbon or an alcohol into a glass capillary is more rapid 
if the capillary has been outgassed, than if its surface is covered with a duplex film of the liquid. The 
increase in rate is as large as 10%. If the pore walls are covered by an adsorbed film, the thickness of 
which is comparable to the pore radius, this leads to an accelerated rate of penetration in comparison 
to systems in which the pore radii are large. In the systems studied, there was a notable difference 
between hydrocarbons and octyl alcohol, which appeared when the glass was outgassed at 200°C 
under vacuum. 

INTRODUCTION 

I t  was recent ly shown (1, 2) that ,  for the 
pene t ra t ion  of a fluid into cylindrical  pores of 
radius r, if the pore  surfaces are ini t ia l ly  not  
covered with an equil ibrium adsorbed film of 
the pene t ra t ing  liquid, then the ra te  of pene- 
t ra t ion  can be faster  than  tha t  predic ted b y  
the Washburn  equation (3, 4, 5). In  the absence 

of gravi ty ,  

rTza Cos Oy 

27 
< - -  

d(x 2) r 
< -  

dr 27 

X ( ' r .  c o s  0 y  + 7rs - ~o) .  E l i  

spreading pressure : 

~o - v ,  - v . o ,  I-2~ 

~0  - w - w ( , = 0 ) ,  [3-1 

where % is the surface free energy of the solid 
in the absence of adsorpt ion of molecules of 
the pene t ra t ing  liquid, Vs~ is the solid surface 
free energy in equil ibr ium with the sa tu ra ted  
vapor ,  and %(t=0~ is the solid surface free 
energy a t  zero t ime;  % => %(t=o) => 3's~. For  
the systems repor ted in this paper ,  the ad- 
vancing contact  angle was indist inguishable 
from zero. Sett ing 0y = 0, we wri te  

Here,  x is distance penet ra ted ,  7u  is the l iqu id-  r~'l_~ _< _ _  _< __ (3't~ + ~r. - ~r0) 
vapor  surface tension, ~ is the viscosity, 0r  is 27 dt 27 

the  equil ibrium contact  angle, and ~r is the r 
= - -  ( v . . = o >  - "v.~3. 

27 i Part of this work was reported at the 48th National 
Colloid Symposium, Austin, Texas, June, 1974. The 
fact that the excess driving force for penetration could 
be expressed in terms of the free energy of immersion 
was brought out in the open discussion of that paper. 
If the party who made the suggestion will identify 
himself to the senior author, due credit will be given 
in the next paper in this series. 

E4-1 

The  left equal i ty  (which is the Washburn  
equation) holds provided tha t  the solid surface 
is covered with a duplex film of the pene t ra t ing  
liquid, or tha t  dissipat ive t ranspor t  mechanisms 
main ta in  such a fihn, advancing well ahead 
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of the liquid front. An example of a dissipative 
transport mechanism, which in many cases 
may proceed rapidly enough to maintain such 
a film, is evaporation from the liquid, followed 
by diffusion or flow down a pore, and finally, 
adsorption or condensation on the wMls of 
the pore. The left relation holds as an in- 
equality if the additional free energy, associated 
with the wetting of the solid in the absence of 
a duplex film, can contribute in a nondissi- 
pative manner to the e~ectual driving force 
for flow. The free energy change during flow 
of a liquid into a cylindrical tube may be 
identified as the free energy of immersion [6] : 
If the walls are covered with a film that is in 
equilibrium with the saturated vapor, we have 

zxa ~(~t) = ~o - ~'~. [5"1 

If the walls are devoid of adsorbed film, 
we have 

= - "y z, [6] 
AG~ - -  AG (isat) - - - -  ~re. [-7-1 

If the walls are initially covered with a film 
such that the surface free energy is %(~=o), 
the free energy change is given by 

AG i° = 3'~(~=o) -- %~, [8] 

AG ~ -- AG ~° = ~'o. [9]  

The purpose of this study was to establish 
whether appreciable deviations from the 
Washburn equation, as indicated by Eqs. [1]  
and [4], are observable. 

THEORY 

The following theoretical considerations, 
beyond those in (2), were developed for the 
purpose of testing the new equations. 

I t  is quite general to assume that only a 
fraction, % of the excess driving force, ~-~ -- 7r0 
in Eqs. [1]  and [4], is used in a nondissipative 
manner. Then, we can write Eq. [4]  in the 
form 

d(x 2) rE~'~ + a0ro -- m)l 

dt 27 
0 < a < l .  

Since deviations from the Washburn equation 
have not been reported before, it is to be 
expected that a is commonly small. The 
maximum conceivable rate would be given by 
Eq. [10] with a = 1. 

We have set out to test these equations in 
perhaps the simplest possible system: vertical 
glass capillary tubes. Vertical orientation has 
an advantage over horizontal in that small 
deviations from horizontal can cause quite 
appreciable errors. For a vertical tube of 
radius r, the rate, when the meniscus is at 
height x above the liquid surface, is given by: 

dx r~ { 2[-3,t~ + o~(~r~ - ~r0)] } 
. . . .  , [ 1 8  
dt 87x r 

where p is the density of the fluid. 
Integrating Eq. [11-1 between elevations xl 

and x~, we obtain 

[ p  = t2 - -  [1 

pgr 2 m pgr 

- - a )  1 . 
[ 1 2 ]  

The thickness, ~, of the film on the solid is a 
variable that was found to be important. I t  
may be assumed that there is some limiting 
thickness, ~e for a duplex film, such that for 
6 < ~d, the vapor pressure of the adsorbed 
film is appreciably less than the saturation 
pressure p0; and for ~ > ~d, the vapor pressure 
is not experimentally different from P0- We 
consider, here, only capillary or pore radii in 
the range large enough that Kelvin equation 
corrections to the vapor pressure need not be 
taken into account. For clarity of the quali- 
tative argument regarding ~, we discuss only a 
horizontal tube (see Fig. 1). 

If ~d is comparable to the radius r, then at 
saturation, the effective radius will be r -- ~a, 

[-10] with respect to the driving force for pene- 
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FIGURE 1 

tration: 
1 OG 2"yt, 

= = - - .  [13] 
~P 7r(r-- ~)2 Ox r - -  ~d 

The viscous drag, however, will be that of a 
column of liquid, of length x, in a tube whose 
radius is r 

8~x  d x  
Apa~,g = - -  - - .  [.14 3 

r 2 dl 

Equating Ap to Apar~e, we obtain for a satu- 
rated system, 

d ( x  2) r 2 v ,  
- -  = . [ ~ 5 ]  

dt 2(r -- 8d)O 

If 8 < 8d, 7r, -- lr0 > 0, and ~'~ must be re- 
placed by 71o + a(~r, - t o ) .  

Then, the most general relation for a hori- 
zontal tube is, 

cl(x ~) r~[~,~ + ~(~o -- ~0)] 
- [ . 1 5 ]  

dt  2(r -- ~)~ 

A corresponding relation can be written for a 
vertical tube. From Eq. [16], we see that Ihe 
penetration time between two elevations (see 
Eq. [12]) will be related to the amount ad- 
sorbed through three parameters: 8, (Tr, - It0), 
and a. The dependence of a on 8 is not at 
present readily accessible; but it might be  
expected that as 8 ---> 8d, a could approach zero 
on account of surface diffusion and flow. Such 
a possibility would not interfere with studies 
such as those reported below, in which a was 
assumed independent of 8, because the only 
effect of such a decrease in a would be to 
relax the requirement of saturation of the 
solid surface, for runs with prewetted capillary 
walls. 

If 8 > 8d, the film on the solid is, in effect, 
bulk liquid. The cylindrical configuration is 
stabilized by the flow of gas. I t  was found that, 
in clearing the liquid from a tube by sucking 
gas through it, if the gas flow was stopped too 
soon, biconcave lenses of liquid formed, block- 
ing the tube. These arose because of the 
unstability of a film of bulk liquid on the 
inside of a cylinder (see Fig. 2). If the initial 
film is thin in relation to the tube radius, the 
process shown in Fig. 2 will go so slowly that 
even though 8 > 8d, the film is, in effect, 
stable. 

The practical effect of large values of 8 on 
the experiments could be predicted as follows: 
The data are reported as Ate ,  defined as 

At• = 100(1 -- tpb/tpw),  [-17] 

where lpb is the penetration for travel between 
levels xl and x2, for a capillary that has been 
outgassed, and tp~ is the penetration time for 
the same capillary, the surface of which is 
covered by an adsorbed film whose thickness 
is ~. The film could be generated by drawing 
saturated vapor through a previously baked 
tube or (which was more generally used) 
starting with a tube that was full of the liquid, 
and draining it by drawing gas through it for a 
specified time. For a horizontal capillary, the 
integrated form of Eq. [-16], in the case where 

I / / / / / / / / / / / / / / / / / I / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / ,  

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / ,  

2 W _ # / I / / t / / _ ~  / / / / z H / / / ~ Z  / / / I / / I Z U [  / / z /  / /~2Z~ 

~ .  . . . .~/7/7#/Tm~. . . . ~ .-,-m 

to 

t : ~ o  

FIG. 2. Growth of unduloid unstabill t ies of a thick 
liquid film inside a capillary tube, after flow of gas has  
been stopped. 
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x = 0 w h e n l = 0 ,  is 

2(r -- 8)~x ~ 

t = r E'r,o + o@o - " E l S ]  

Then, At% is given by 

At% = lOO 

× {,_ 1. 
(r - -  ~ ) E T , , ,  q- oz( : , r ,  - -  7r0)b] J 

For 8 comparable to r, and 8 > Be, the 
quotient on the right is greater than 1, and 
At% wilt be negative. If 8e<<r, then as 

-~ Be, At% will approach a maximum. If the 
gas is saturated, At% will attain a constant 
value when ~ = 8e and ~r0 = ~r,. If it is un- 
saturated, then, after the maximum of At°~o, 

will decrease below Be, ~r0 will decrease below 
7r,, and (Tr, - ~r0)~ will increase, though stay- 
ing smaller than (~r, -- 7r0)b. The At~o should 
then decrease; and this was, in fact, found to 
happen (see Results). 

EXPERIMENTAL METHODS 

Two series of experiments were carried out. 
In the first, the tubes were baked at 150 ° in 
air, for 6 to 10 hr, before the penetration 
measurements; the tubes were emptied be- 
tween runs with suction from a water aspirator. 
In the second series, the outgassing was at 
200 ° , in vacuum, and the suction was by 
vacuum pump. For both series, a preliminary 
set of measurements was made, varying the 
time of suction. 

The liquids employed were spectro grade 
benzene (Eastman, and Fisher), spectro grade 
toluene (Eastman), n-octanol (Eastman, mp 
--15 to --16°C) and ACS reagent grade 
methanol (J. T. Baker). The advancing contact 
angle of these liquids on clean glass is in- 
distinguishable from zero. An advancing con- 
tact angle of 3°C would lead to an increase 
of 0.25% in the penetration time under the 
conditions of this study. I t  would be expected 
that the advancing contact angle on prebaked 
glass would be equal to or greater than that on 

presaturated glass, and consequently, that the 
penetration time for presaturated tubes would 
be equal to that with prebaked tubes, or 
larger, if contact angle effects were the only 
variables. The results reported below were 
that the penetration time was smaller with 
prebaked tubes, so we can conclude that the 
possibility of nonzero contact angle effects 
does not vitiate our qualitative conclusions. 

Pyrex glass capillaries, of about 0.0017 cm 
radius, were obtained from the Coming Glass 
Company and cut into lengths of about 30 cm. 
For such tubes, the equilibrium capillary rise 
is about 40 cm, with benzene. Measurements 
were made between elevations 5 and 20 cm. 
in each tube, and the penetration times were 
in the range, 100 to 300 sec. Two stationary 
telemicroscopes were used to observe the 
penetration. The tube radii were essentially 
constant from end to end. Since we were 
interested only in the difference in penetration 
time for each tube, prebaked vs presaturated, 
there was no need to measure the tube radii. 
To minimize annealing effects, all tubes were 
first heated at 250°C for 10 hr and cooled 
slowly to room temperature. The expansion 
of glass that accompanies wetting (7, 8, 9) 
was measured and found to be less than 0.01%. 

The measurements were made at 20 to 
23°C, and corrected to 20°C by means of 
known temperature coefficients of viscosity, 
surface tension and density. The liquids were 
contained in essentially closed beakers, for 
penetration runs, the top of the beaker being 
covered with aluminum foil with a small hole 
in it. With an open beaker, the temperature 
of benzene in the beaker was found to reach a 
temperature about 2.5°C below the air tem- 
perature; with an enclosed beaker, the liquid 
came within 0.3°C of air temperature, after 
about 1 hr. Both liquid and air temperatures 
were measured for each run. 

Each capillary was clamped in an exactly 
vertical orientation, and the liquid was raised 
until it just touched the bottom of the tube. 
The positions xl and x2 were marked on each 
tube with tape, which served both to ensure 
that elevations xl and x2 were reproducible 
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(relative to the liquid surface) and to improve 
the observation of the time when the liquid 
reached each mark. 

The general procedure of a run was to 
measure the penetration time with a single 
capillary, first baking it as noted above, then 
measuring tp with a liquid (e.g., benzene). 
Then, the liquid was cleared from the tube by 
suction, and tp was measured again; this was 
repeated three or four times. 

Figures 3 and 4 show the results of two of 
the preliminary sets of experiments that were 
carried out to determine the optimum condi- 
tions for establishing duplex films on the 
solid. In each case, a single capillary was 
outgassed, and the penetration time, tb, was 
determined. Then, it was drained with suction 
of air (by aspirator or vacuum pump) for the 
time indicated on the graph, and the pene- 
tration time t~ was measured. This draining 
process was repeated, and At% was determined 
as a function of draining time. The results for 
each tube are relative to the value of tb for 
that particular tube; so in Figs. 3 and 4, the 
curves were normalized by moving up or down 
so that the maximum At% coincided with the 
mean At% reported below in Table I. 

Figure 3 shows the effect of draining time 
for benzene. As might be expected, the vacuum 
pump was more rapid and more effective: 
The transient negative value of At% passed 
earlier, the maximum occurred earlier, and 

°i 
i0 

SECONDS 
Z40 560 

Fro. 3. Effect of suction time on benzene penetration 
rate. O,  first series, with aspirator; Q, second series, 
with vacuum pump. 

i 

o 
,o 20 30 4'o ~o do 

MINUTES 
~o do 

FIG. 4. Effect of suction time on n-octanol penetra-  
tion rate. O, first series, with aspirator; Q, second 
series, with vacuum pump. 

the expected decline with long times of 
passage of benzene-free air was in evidence. 
With the aspirator, a maximum At% was 
reached, but there was no subsequent decline, 
even for 60 min suction time. Toluene and 
methanol behaved quite similarly to benzene, 
with aspirator draining. 

n-Octanol required a longer draining time 
than benzene, no doubt because of its lower 
vapor pressure and higher viscosity. An initial 
rise was observed, though no negative values 
of At%. It  may be seen that the two series 
differed both in the time required to reach 
maximum At% (just as with benzene) and 
(unlike benzene) in the height of the maximum. 
The latter effect will be discussed below. 

A preliminary series was also run with 
methanol, starting with tubes baked at 150°C 
and saturating them by drawing methanol- 
saturated air through, with an aspirator, for 
30 rain. The results, expressed as Ate/o, differed 
by 0.36 4- 0.54 at 95% confidence level. Hence, 
the two methods of producing a duplex film 
did not have any statistically significant 
difference as regards penetration times. 

RESULTS 

Table I summarizes the results for the two 
series. 

The statistical analysis of the data, Table 
I, is given with a very strict standard, the 
limits for 99.5% level of confidence. Had we 
chosen, say, the 90~0 confidence level~ the 4- 
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Change of Penetra t ion Time for Liquids, Prebaked versus Prewetted Pyrex Capillaries 
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Liquid Aspiration or suction Number of mea- Mean Confidence limits for 
time (rain) surements aXt% 99.5% confidence 

leveI 

Firs t  series ~ 
Benzene 10 26 2.3 4-0.4 
Toluene 10 10 2.5 4-0.5 
Methanol  10 20 1.8 4-0.4 
n-Octanol  30 10 2.0 4-0.4 

Second series b 
Benzene 0.5 to 1 18 1.3 4-0.6 
n-Octanol 2 to 3 4 t  10.7 4-4.6 

a Baking a t  150°C, 1 a rm pressure. Drained by aspirator suction. 
b Baking at  200°C in vacuum,  Drained by suction wi th  vacuum pump.  

spread would have been narrower; e.g., in 
Table I, Second series, 4-0.35 for benzene and 
4-2.8 for n-octanol. Employing another con- 
servative statistical criterion, the "Student t 
test" 1-10~, we can report with better than 
99.5% confidence that the mean values of 
2xt% were, in every case, different from zero. 

The results for benzene, under the two 
operating conditions, are not statistically 
distinguishable. The results with n-octanol 
are quite significantly different, no doubt on 
account of the stronger conditions of out- 
gassing in the second series. I t  is possible that 
adsorbed water or n-octanol was not com- 
pletely desorbed at 150°C and 1 arm pressure, 
and that this residual film decreased the 
surface free energy of the glass by a very 
considerable quantity. The aspirator also may 
have been a source of water. 

DIS C US S ION 

We may conclude that the experimental 
evidence supports the theory proposed by 
Good (1, 2). The statistical analysis shows 
that, as a strictly empirical result, there is a 
significant anomaly, with respect to the Wash- 
burn equation. Had there been no explanation 
of this anomaly, it would have been necessary 
to seek one, because the results are well outside 
the limits of experimental error that are 
exhibited by the raw data. And in absolute 

magnitude, the effects is not trivial : The value, 
of 10.7% for n-octanol (Table I, Second 
series) is in itself a notable magnitude. More- 
over, the unexpected discovery of a difference 
in the behavior of the system, glass-n-octanol, 
for 200°C, vacuum outgassing, vs 150°C at 
1 atm, is an empirical indication that the 
excess rate of penetration, above the level 
predicted by the Washburn equation, is an 
effect that has intrinsic significance. Since 
deviations from the Washburn equation were 
predicted, we can conclude that the theory of 
Good (1, 2) may be regarded as, at the least, 
corroborated. 

The difference in behavior between ~- 
octanol and benzene, in Table I, Second series, 
is probably related to the tendency of n- 
octanol to form an oriented adsorbed film, 
and to the lower vapor pressure of the liquid. 
Since the mean 2~t% for methanol was nearly 
the same as for benzene and toluene, in the 
first series, the hydrogen bonding property of 
hydroxyls was apparently not the sole deter- 
mining factor giving rise to this difference. 
The degree of outgassing of the solid, ap- 
parently, was also an important factor. 

If we interpret the excess rate of penetration 
as being due to nonzero values of the quantity 
a(lre -- ~r0), then, in the first series, the range 
for this quantity was 0.3-0.4.5 erg/cm 2, for all 
four liquids. In the second series, the value for 
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benzene was about 0.2 erg/cm 2, and for 
n-octanol, about 2 erg/cnl 2. In assigning causal 
responsibility for the excess rate of penetration, 
as between ~ and 7re -- ~r0, the higher results 
for n-octanol in the second series would point 
to a variation in ~ r ,  - -  ~r0. This question must 
be investigated further, however. 

We may speculate as to the microscopic 
mechanism of the accelerated transport in 
outgassed porous bodies. It  can probably be 
described in terms of the Marangoni effect, and 
the fact that a gradient of surface free energy 
must exist, as between the solid surface a few 
A ahead of the bulk liquid (where the fihn is 
duplex if the contact angle is zero, and where 
the effective "~ is ~,~) and the region far ahead 
of the liquid, where the surface free energy is 
close to ~,~, and %>> 3'~- If the gradient is 
steep, then Maragoni flow could well do 
useful work, converting surface energy to 
mechanical, kinetic energy of flow. 
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